The progression of rod and cone degeneration in retinally degenerate (rd) mice ultimately results in a complete loss of photoreceptors and blindness. The inner retinal neurons survive and several recent studies using genetically targeted, light activated channels have made these neurons intrinsically light sensitive. We crossbred a transgenic mouse line expressing channelrhodopsin2 (ChR2) under the control of the Thy1 promoter with the Pde6b rd1 mouse, a model for retinal degeneration (rd1/rd1). Approximately 30 -40% of the ganglion cells of the offspring expressed ChR2. Extracellular recordings from ChR2-expressing ganglion cells in degenerated retinas revealed their intrinsic light sensitivity which was ϳ7 log U less sensitive than the scotopic threshold and ϳ2 log U less sensitive than photopic responses of normal mice. All ChR2-expressing ganglion cells were excited at light ON. The visual performance of rd1/rd1 mice and ChR2 rd1/rd1 mice was compared. Behavioral tests showed that both mouse strains had a pupil light reflex and they were able to discriminate light fields from dark fields in the visual water task. Cortical activity maps were recorded with optical imaging. The ChR2rd1/rd1 mice did not show a better visual performance than rd1/rd1 mice. In both strains the residual vision was correlated with the density of cones surviving in the peripheral retina. The expression of ChR2 under the control of the Thy1 promoter in retinal ganglion cells does not rescue vision.
Introduction
Inherited degenerations of rods and cones that result in blindness affect 1 in 3000 humans worldwide. Mice carrying the rd1 retinal degeneration mutation (rd1/rd1) lose nearly all of their photoreceptors (Carter-Dawson et al., 1978) . They became the preferred model system for studies of retinal degenerations and for attempts to rescue the photoreceptors (Punzo et al., 2009) . The mutation affects the rod phosphodiesterase (PDE), which is involved in the visual transduction cascade (Bowes et al., 1990; Farber et al., 1994) . Inner retinal neurons also react to the photoreceptor death and morphological and functional abnormalities occur (Strettoi et al., 2002 Jones et al., 2003; Marc et al., 2003 Marc et al., , 2007 . However, many inner retinal neurons and synaptic circuits survive after photoreceptor degenerations (Claes et al., 2004; Mazzoni et al., 2008) .
Several recent studies was aimed at making these surviving inner retinal neurons intrinsically photosensitive and thereby restore visual functions after photoreceptor degeneration: Bi et al. (2006) injected adeno-associated viral vectors (AAV) into the vitreous and transfected inner retinal neurons, which subsequently showed a long-term expression of the microbial-type rhodopsin, channelrhodopsin-2 (ChR2) (Nagel et al., 2003; Boyden et al., 2005) . Ganglion cells expressing ChR2 showed intrinsic light sensitivity (Bi et al., 2006) . A comparable experiment was performed by Tomita et al. (2007 Tomita et al. ( , 2010 in blind rats (RCS, rdy/rdy). Visual-evoked potentials could be recorded in the cortex of blind mice and rats after AAV transfection of retinal ganglion cells with ChR2. Lagali et al. (2008) targeted ChR2 to retinal ON bipolar cells in rd1/rd1 mice and could elicit stable light responses in ganglion cells. In behavioral studies rd1/rd1 mice expressing ChR2 in ON bipolar cells showed visual responses. Lin et al. (2008) used AAV injection into the vitreous of rd1/rd1 mice to ectopically express mouse melanopsin Hattar et al., 2002) , and light responses could be recorded from 10% of the ganglion cells. In behavioral studies visual responses were observed in treated rd1/rd1 mice. Zhang et al. (2009) expressed ChR2 and halorhodopsin (Lanyi, 1986; Zhang et al., 2007) in retinal ganglion cells and observed ON, OFF and ON-OFF light responses.
We made use of transgenic mice that express a ChR2-YFP (yellow fluorescent protein) fusion protein in the CNS (Arenkiel et al., 2007) . The mice were crossed into an rd1/rd1 background and the expression of ChR2-YFP in the retina was studied. Approximately 30% of the ganglion cells expressed ChR2-YFP. Ganglion cell light responses of wild-type mice and ChR2 rd1/rd1 mice were compared. The time course of degeneration of cones in rd1/rd1 mice was monitored. Central visual responses were studied by optical imaging of intrinsic signals in the visual cortex. Finally, the visual performance of the transgenic mice was tested in a two choice visual discrimination task in the lower photopic range and at high light intensities (Ͼ1 ⅐ 10 15 photons/cm 2 /s).
Materials and Methods
Wild-type mice (C57BL/6J) and the following transgenic mouse lines were used: Arenkiel et al. (2007) generated transgenic mouse lines expressing ChR2-YFP under the control of the Thy1 promoter. Three of the mouse lines were tested and expressed ChR2-YFP in the retina (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Line 9 was used in the present study. The retinal degeneration mouse line C 3 H/HeJ was purchased from Jackson Laboratories (stock number: 000659). It is homozygous for the retinal degeneration allele Pde6b rd1 (rod-specific phosphodiesterase, Bowes et al., 1990) . To generate mice expressing ChR2-YFP and showing degeneration of photoreceptors, we crossbred C 3 H/HeJ mice with the transgenic mouse line Thy1 ChR2-YFP to produce the first generation transgenic line that was heterozygous for the photoreceptor degeneration and expressed ChR2-YFP. This line was backcrossed with the parent C 3 H/HeJ transgenic line to produce the transgenic model Thy1-ChR2-YFP rd1/rd1 which is homozygous for the mutant Pde6b rd1 gene and expresses ChR2-YFP. The line was identified from the heterozygous and wild-type animals by PCR genotyping. For the rest of this study we apply the following nomenclature: Pde6b rd1 retinal degeneration mice will be named rd1/rd1 mice, Thy1-ChR2-YFP rd1/rd1 will be named ChR2rd1/rd1 mice.
All procedures were approved by the local animal care committee and were in accordance with the law of animal experimentation issued by the German Government (Tierschutzgesetz).
Tissue preparation, histology, and antibodies
The mice were deeply anesthetized with isoflurane and killed by cervical dislocation. The eyes were removed and dissected, and the posterior eye cup containing the retina was immediately immersed in 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer (PB) pH 7.4, for 15-30 min. After fixation, the retina was dissected from the eye cup. For frozen sections it was cryoprotected in graded sucrose solutions (10, 20 and 30%, respectively) and cryostat sections were cut at 14 m, mounted and stored at Ϫ20°C. For retinal whole mounts, the tissue was cryoprotected and frozen and thawed several times. Whole mounts were processed free-floating.
The yellow fluorescent protein (YFP) is already visible without immunostaining because of its green/yellow fluorescence (see Fig. 1 B) . However, by applying antibodies against the green fluorescent protein (GFP) the fluorescence signal was enhanced (1:2000 rabbit anti-GFP, Invitrogen; and 1:500 mouse anti-GFP, Millipore Bioscience Research Reagents). Cholinergic amacrine cells were immunostained with a goat antibody against choline acetyltransferase (ChAT, 1:2000, Millipore Bioscience Research Reagents). The following antibodies against cone opsins were used: rabbit polyclonal antibodies against S-opsin (1:5000) and M-opsin (1:1000) kindly provided by Dr. J. Nathans (John Hopkins University, Baltimore, MD), and goat anti S-opsin (1:1000) from Santa Cruz Biotechnology. Antibodies were diluted in PBS, pH 7.4, containing 0.5-1% Triton X-100 and 0.05% sodium azide with either 3% normal donkey serum or 5% Chemiblocker (Millipore Bioscience Research Reagents). Immunocytochemical labeling was performed using the indirect fluorescence method. Cryostat sections were incubated overnight in the primary antibodies, followed by a 1 h incubation in the secondary antibodies, which were conjugated to either Alexa TM 488 (green fluorescence, Invitrogen), Cy3 (red fluorescence, Dianova) or Cy5 (dark red fluorescence). In double labeling experiments, sections were incubated in a mixture of primary antibodies, followed by a mixture of secondary antibodies. Whole mounts were incubated for 2 d in the primary and for 2 h in the secondary antibody solution. Cresyl violet staining of whole mounts was performed as described in detail previously (Wässle et al., 1975) .
Light microscopy
Fluorescent specimens were viewed with a Zeiss Axioplan 2 microscope. Black-and-white images were taken by using a cooled CCD-camera (Zeiss, AxioCam Mrm). By using the Zeiss AxioVision 4.2 software images taken with the different fluorescence filters were pseudocolored and superimposed. The microscope was equipped with the Zeiss Apotome oscillating grating in the epifluorescence beam which resulted in a significant reduction of out-of-focus straylight. Images were taken with a PlanNeofluar 40x/0.75 objective as stacks of up to 30 optical sections. Density measurements of ganglion cells and cones were made by collapsing selected parts of the stacks into a single plane.
Low-power micrographs of retinal whole mounts were taken with a Zeiss Lumar V.12 microscope equipped with epifluorescence and a cooled CCD camera (see Fig. 4C ). From low-power micrographs the distribution of residual cones could be studied and from selected fields, high-power micrographs were taken on the Axioplan 2 microscope and the number of cones counted (field size 440 ϫ 320 m; see Fig. 9C ).
Extracellular recordings
The methods for recording of the visually evoked responses in retinal ganglion cells have been described in detail previously Vaney, 2002, van Wyk et al., 2006; van Wyk et al., 2009 ). Mice were dark-adapted for 1 h, anesthetized with isoflurane (CuraMED Pharma, Karlsruhe, Germany) and decapitated. The eyes were enucleated under dim red illumination and the retinas removed. A piece of central retina was placed photoreceptor-side down in a recording chamber and weighed down with a platinum harp. The recording chamber was perfused with Ames medium at 34Ϫ36°C (Sigma; pH 7.4). Ganglion cell somas were targeted for recording using infrared differential-interference-contrast optics.
Extracellular electrodes were pulled from borosilicate glass to a final resistance of 5-8 M⍀. The extracellular electrodes were filled with Ames medium while the patch electrodes contained the following: 125 mM K-gluconate, 1 mM CaCl 2 , 4 mM Na-ATP, 0.4 mM Na-GTP, 10 mM EGTA, 4.6 mM MgSO 4 and 10 mM Na-HEPES. Ganglion cells were labeled by adding Lucifer yellow (LY, 2 mM) or Alexa Fluor 568 hydrazide (2 mM) to the intracellular solution (see Fig. 5 ; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Dark-adapted, wild-type retina. Light stimuli for measuring darkadapted responses were white spots of 300 m diameter generated on a computer monitor with a refresh rate of 85 Hz. The spot size of 300 m corresponds to the dendritic tree of A-type ganglion cells. The stimuli were projected via an infrared polarizing beam splitter cube (PTW 25, Bernhard Halle, Berlin, Germany) through the microscope condenser and focused onto the photoreceptor outer segments. No background illumination was applied in experiments measuring the scotopic threshold of ganglion cells in wild-type mice.
Light stimulation
Light-adapted, wild-type retina. Light stimuli for measuring photopic responses of ganglion cells in wild-type mice were white spots generated by a video projector (Philips, Multimedia Projector LC5141, refresh rate 85 Hz). Stimuli were projected, as described above onto the retina. A light spot (I max ) of 120 m diameter was projected onto a steady background spot (I min ) of the same size. This spot diameter corresponds in the mouse eye to a visual angle of 4°. The modulation transfer function of the mouse visual system, measured by a behavioral test, peaks at 0.21 cycle/degree . This channel with the highest contrast sensitivity represents a receptive field center size of 4.8°, which would be efficiently stimulated by the chosen light spot of 4°. To avoid bleaching of a larger retinal area an adapting spot of the same size was chosen. The contrast of the light stimuli (I max Ϫ I min /I max ϩ I min ) was kept constant at 0.95 while both I max and I min were increased. The lowest background was I min ϭ 5 ⅐ 10 10 photons/cm 2 /s. The stimulus intensities for measuring the ganglion cell light responses in wild-type retinas were comparable to the light stimuli applied in the behavioral experiments described later.
Light stimulation of ganglion cells in ChR2rd1/rd1 mice. Only the blue gun of the video projector was used to stimulate the ChR2 YFPexpressing ganglion cells of ChR2 rd1/rd1 mice. The same stimulation protocol was applied as for the photopic light stimuli. The lowest background illumination was I min ϭ 2 ⅐ 10 12 photons/cm 2 /s. The intensity of the light stimuli falling onto the retina was adjusted by neutral density filters and measured by a photometer (ILT1400, detector SEL 0.33, International Light Technologies). The Philips LC5141 multimedia projector was powered by a 150 W UHP lamp (Derra et al., 2005) . The emitted light was filtered by a spinning filter wheel of red, green and blue sectors, and projected by a Texas Instrument DLP chip. The blue channel was used to stimulate the ChR2 YFP-expressing ganglion cells. Its spectral composition was very well matched to the spectral sensitivity curve of ChR2 (Nagel et al., 2003) . The peak emission was at 460 nm, the lower cutoff was 380 nm and the upper cutoff was 530 nm. For the stimulation of the photopic cone responses in wild-type retinas, all three channels of the projector were used (RGB white), and the peak emission was at 560 nm.
The detector of the light meter was a broad band silicon detector (200 -1100 nm). Its spectral sensitivity at the peak of the ChR2 sensitivity (460 nm) was 12% lower than at the rod peak (498 nm), 15% lower than at the M-cone peak (510 nm) and 34% higher than at the S-cone peak (355 nm). These relative differences were neglected when measuring the light intensities (photons/cm 2 /s).
Visual optomotor system
Visual acuity was assessed using the recently developed virtual-reality optomotor system . Briefly, freely moving animals are exposed to moving sine wave gratings of various spatial frequencies and contrasts and will reflexively track the gratings by head movements as long as they can see the gratings. Luminances of white and black stripes were 152 cd/m 2 and 0.2 cd/m 2 , respectively. None of the rd1/rd1 mice and ChR2rd1/rd1 mice passed this test (Schmucker et al., 2005) .
Visual water task
As a second method to assess visual acuity in mice, we used the so-called visual water task (VWT), a visual discrimination task that is based on reinforcement learning (Prusky et al., 2000 . For this task, animals were initially trained to distinguish a low spatial frequency vertical grating (0.086 cycle/degree) from equiluminant gray. The apparatus consists of a trapezoidal-shaped pool with two monitors placed side by side at one end. A midline divider is extended from the wide end into the pool, creating a maze with a stem and two arms. The length of the divider sets the choice point and effective spatial frequency. An escape platform that is invisible to the animals is placed below the monitor on which the grating is projected. The position of the grating and the platform is alternated in a pseudorandom sequence over the training and test trials. None of the rd1/rd1 mice and of the ChRrd1/rd1 mice passed this test. Therefore, we simplified the VWT and the animals were trained to discriminate a bright field (97 cd/m 2 ) from a dark field (ϳ0.5 cd/m 2 ) (see ). An animal was considered to have achieved this task if it had at least 70% correct responses on five consecutive days. Approximately half of the rd1/rd1 and ChRrd1/rd1 mice managed to learn this task after 1-7 weeks.
Optical imaging
Surgery. After initial anesthesia with 2% halothane in a 1:1 O 2 /N 2 O mixture, the animals received an intraperitoneal injection of 50 mg/kg pentobarbital, supplemented by chlorprothixene (0.2 mg/mouse, i.m.), atropine (0.3 mg/mouse, s.c). and dexamethasone (0.2 mg/ mouse, s.c.). In addition, lidocaine (2% Xylocaine jelly) was applied locally to all incisions. A tracheotomy was performed and the animals were placed in a stereotaxic apparatus. Anesthesia was maintained with 0.6 -0.8% halothane in a mixture of 1:1 O 2 /N 2 O applied through the tracheal tube. Body temperature was maintained at 37°C and electrocardiographic leads were attached to monitor the heart rate continuously throughout the experiment. A craniotomy was prepared over the visual cortex of the left hemisphere. Low-melting point agarose (2.5% in saline) and a glass coverslip were placed over the exposed area.
Optical imaging. Mouse visual cortical responses were recorded using the imaging method developed by Kalatsky and Stryker (2003) . In this method, a temporally periodic stimulus is continuously presented to the animal and the cortical response at the stimulus frequency is extracted by Fourier analysis. Briefly, optical images of cortical intrinsic signals were obtained using a Dalsa 1M30 CCD camera (Dalsa, Waterloo, Canada) controlled by custom software. Using either a 135 mm x 50 mm or a 50 mm ϫ 50 mm tandem lens configuration (Nikon), we imaged a cortical area of 4.6 ϫ 4.6 mm 2 (one hemisphere) or 12.3 ϫ 12.3 mm 2 (both hemispheres). The surface vascular pattern and intrinsic signal images were visualized with illumination wavelengths set by a green (550 Ϯ 2 nm) or red (610 Ϯ 2 nm) interference filter, respectively. After acquisition of a surface image, the camera was focused 600 m below the pial surface. An additional red filter was interposed between the brain and the CCD camera. Frames were acquired at a rate of 30 Hz temporally binned to 7.5 Hz and stored as 512 ϫ 512 pixel images after spatial binning of the camera image.
Visual stimuli. To display visual stimuli a high refresh rate monitor (Hitachi Accuvue HM 4921-D, 1280 ϫ 1024 at 100 Hz) was placed either in front of the animal or in the right visual field at a distance of 25 cm (see 
Data analysis
Maps were calculated from the acquired frames by Fourier analysis to extract the signal at the stimulation frequency using custom software (Kalatsky and Stryker, 2003) . While the phase component of the signal is used for the calculation of retinotopy, the amplitude component represents the intensity of neuronal activation (expressed as fractional change in reflectance ϫ10 4 ; see Cang et al., 2005 for details). For group comparisons, the strongest elevation map induced by 10 min of visual stimulation in each animal was statistically analyzed. For quantifying the dependence of visual cortical activity on azimuthal position, activity maps were thresholded at 30% of peak activity and divided into bins of 2°f rom 0°to 79°azimuth by using the azimuthal phase maps. The amplitudes of all pixels within each bin were summed and multiplied by the pixel area (79 m 2 ), resulting in a "volume" of each 2°-bin. Values were then expressed as percentage of total azimuth map "volume." For statistical comparison, 10 bins each were merged into bins of 20°correspond-ing to screen quarters.
Behavioral responses and optical imaging at high stimulus intensities
For testing the visual performance of the animals at high stimulus intensities, the two monitors at the end of the VWT pool were replaced by two transparent screens. Gratings or uniform fields were projected onto the screens by two identical video projectors (Acer P1266P, XGA projector, 2700 ANSI Lumen, 2700:1 contrast). They were powered by 150 W UHP lamps (Derra et al., 2005) . All three channels of the projectors were used (RGB white). This represents a stronger stimulus for ChR2-expressing ganglion cells than the blue channel in isolation, because the shortwavelength tail of the green channel also activates ChR2. The maximum illumination of the mice in the VWT pool was 3000 lux, and the maximum brightness of the screen was 15,000 cd/m 2 . This is roughly 100 times brighter than the intensity of the monitors used above. First, static gratings (0.075 cycle/degree; bright bars: 12,300 cd/m 2 ; dark bars: 50 cd/m 2 ) were tested against uniform bright fields of the same average intensity. In a second set of experiments a bright field (14,500 cd/m 2 ) was tested against a dark field (15 cd/m 2 ). Finally moving gratings (0.075 cycle/degree; bright bars: 12,300 cd/m 2 ; dark bars: 50 cd/m 2 ; speed: 12°/s) were tested against uniform bright fields of the same average intensity.
For optical imaging at high stimulus intensities the monitor for generating the light stimuli was replaced by a video projector (Acer P1266P) and the patterns were projected onto a transparent screen in front of the animals (bright bars: 12,300 cd/m 2 ; background: 15 cd/m 2 ).
Statistical analyses
All intergroup comparisons were done by Student's two-tailed t test. The levels of significance were set as *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. Data are represented as means Ϯ SEM.
Results

Expression of ChR2-YFP in ganglion cells of the mouse retina
In the transgenic mouse line expressing ChR2-YFP under the control of the Thy1 promoter (Arenkiel et al., 2007) , prominent YFP fluorescence was found in the ganglion cell layer of the retina. Ganglion cells and their axons pointing to the optic nerve head showed endogenous YFP fluorescence ( Fig. 1 B) . The cells occurred at high density and were homogeneously distributed all over the retina. However, for further analysis and double immunolabeling experiments antibodies against GFP that recognize also YFP were used to study the expression of ChR2-YFP in the retina.
In vertical sections through the mouse retina ( Fig. 1 A) expression of ChR2-YFP is restricted to cell bodies in the ganglion cell layer (GCL), their dendrites in the inner plexiform layer (IPL) and their axons in the optic nerve fiber layer (NFL). Two prominent bands of labeled dendrites in the IPL represent the ON and OFF strata (Fig. 1 A) , which suggests that both ON-and OFFganglion cells express ChR2-YFP. In flat view, several types of putative ganglion cells are labeled (Fig. 1C) as indicated by the different dimensions of their cell bodies and the shapes of their dendritic trees (Sun et al., 2002) . When the plane of focus is shifted to the amacrine cell layer a sparse population of cell bodies was labeled (data not shown). We interpret these sparse somas to be displaced ganglion cells (Dräger and Olsen, 1980) .
In the ganglion cell layer of the mouse retina many displaced amacrine cells are found in addition to ganglion cells (Jeon et al., 1998; Pérez De Sevilla Müller et al., 2007) . The major portion of the displaced amacrine cells are the ON-cholinergic (starburst) amacrine cells. To study whether displaced amacrine cells express ChR2-YFP we triple labeled retinal whole mounts for GFP, for ChAT and for cresyl violet (Fig. 2 A-C) . As shown in Figure 2 A, cholinergic amacrine cells do not express ChR2-YFP, while several different types of putative ganglion cells exhibit green ChR2- YFP fluorescence. In the same piece of retina, stained with cresyl violet (Fig. 2 B) , many more cell bodies show up. It is possible to distinguish in cresyl violet stained retinal whole mounts ganglion cell bodies from displaced amacrine cells, glia cells and capillary wall cells, which are all found in the ganglion cell layer (cat: Hughes and Wieniawa-Narkiewicz, 1980: Wässle et al., 1987; mouse: Dräger and Olsen, 1981) . Ganglion cells have a pale-blue nucleus with a relatively large nucleolus and granules of pink Nissl substance. Displaced amacrine cells have practically no Nissl-substance and their nucleus has a characteristic nuclear fold. Only the nucleus of glia cells is labeled and has a dark blue appearance. The nuclei of capillary wall cells are elongated and exhibit a dispersed chromatin structure. Based on these criteria, triple labeled retinal whole mounts (Fig. 2C) were analyzed and the following results were found: 1. cholinergic amacrine cells did not express ChR2-YFP, 2. the density of cholinergic cells is ϳ20% higher than the density of ChR2-YFP-expressing cells, 3. other displaced amacrine cells do not express ChR2-YFP, 4. between 30% and 40% of the ganglion cells express ChR2-YFP. At an eccentricity of 1-2 mm from the optic disc the density of ChR2-YFP cells was 787 Ϯ 252 (n ϭ 8) cells per mm 2 . Dräger and Olsen (1980) estimated the density of ganglion cells of the mouse that were retrogradely labeled from the optic tract to be 2680 Ϯ 231 (n ϭ 7) per mm 2 , which would confirm that approximately one third of the ganglion cells express ChR2-YFP.
Expression of ChR2-YFP in ganglion cells of the rd1/rd1 mouse retina
To show that the expression of ChR2-YFP in ganglion cells recovers the light sensitivity of retinas lacking cones and rods, we crossbred ChR2-YFP mice with rd1/rd1 mice (ChR2rd1/rd1). Figure  3A shows a section through normal mouse retina (300 d old), triple labeled for GFP (green), S-cone opsin (red) and M-cone opsin (green). Approximately half of the thickness of the retina is made up of photoreceptor cell bodies [outer nuclear layer (ONL)] and their inner (IS) and outer segment (OS). The pigment epithelium (PE) is on top. The cone opsin labeling is restricted to the IS/OS region and many cones express both M-and S-opsin (yellow fluorescence). Figure 3B shows a section through the retina of a ChR2rd1/rd1 mouse (314 d old). The retina is much thinner than that of a normal mouse (Fig.  3A) , because all the outer retinal layers (ONL, IS and OS) have disappeared due to the degeneration of photoreceptors. A few S-opsin-expressing rudimentary cones can be detected in between the inner nuclear layer (INL) and the PE. However, the expression of ChR2-YFP in the ganglion cell layer is comparable to that of the normal mouse retina (Fig. 3 A, B) .
The degeneration of cones and the persistence of ChR2-YFP expression in ganglion cells was studied in more detail in 9 mice of 3 different age groups (110 d (Fig. 4C) shows that the few remaining S-cones (in red) are preferentially found in the ventral retina, while remaining M-cones are restricted to the dorsal retina. Selected fields from Figure 4C are shown at higher magnification in Figure 4 , A and E. The surviving cones have lost their typical appearance and opsin is distributed throughout the cells. From the cell bodies one or more processes originate giving the cells a bipolar or multipolar appearance. Some of the processes terminate in swellings, which are putative presynaptic terminals. This description is in close agreement with a recent light microscopic study of Lin et al. (2009) and electronmicroscopic studies of Blanks et al. (1974) . We found a peak density of 692 cells/mm 2 for M-cones in the dorsal retina and 565 cells/mm 2 for S-cones in the ventral retina. Only 13 cones/mm 2 remained in the central retina. The whole mount in Figure 4C was also immunostained for ChR2-YFP which causes the green background fluorescence. The three fields from dorsal, central and ventral retina are shown, with the focus on the GCL/IPL border, at highermagnification in Figure 4 , B, D, and F. The dense plexus of dendrites of ganglion cells shows that ChR2-YFP is expressed in the ChR2rd1/rd1 mouse retina and appears not to be altered by the degeneration of photoreceptors. Most importantly, while all photoreceptors are degenerated in the central retina, ganglion cells in that region (Fig. 4 D) express ChR2-YFP. Light responses of ganglion cells of the central retina must therefore be intrinsic light responses based on the expression of ChR2-YFP. They were investigated by the following physiological experiments.
Light responses of ChR2-YFP-expressing ganglion cells
The degeneration and death of both S-and M-cones in rd1/rd1 mice advances from the central to the peripheral retina. By postnatal day 90 (P90) remaining cones are restricted to the peripheral retina (Lin et al., 2009) . To record intrinsic light responses of ChR2-YFP-expressing ganglion cells, we targeted the recording electrode to ganglion cells of the central retina of ChR2rd1/rd1 mice. Action potentials were recorded in the cell attached mode and afterward selected cells were filled in the whole-cell mode with Lucifer yellow (LY) or Alexa Fluor 568 hydrazide (Fig. 5) . Figure 5 , A-C, shows a cell that has the typical appearance of an OFF-transient cell (Pang et al., 2003; Murphy and Rieke, 2006; Margolis and Detwiler, 2007; van Wyk et al., 2009) . It has the classic Alpha cell morphology defined by a large soma (Ͼ20 m diameter) with radial dendrites (Fig. 5A ) and a dendritic field diameter of ϳ200 m (Peichl et al., 1987) . To reveal the level of stratification of this cell the retina was immunostained for ChAT and the two cholinergic strata in the OFF-and ONsublamina of the IPL became apparent (Fig. 5 B, C) . The level of stratification of this ganglion cell is between the cholinergic strata, close to the OFF-stratum. All this together suggests the cell represents a typical OFF-transient cell (Margolis and Detwiler, 2007; van Wyk et al., 2009) . However, the light responses recorded from this cell were sustained and the cell fired at light ON and not at light OFF (Fig.  5D ): Light responses were recorded from a total of 41 ganglion cells in altogether 6 retinal whole mounts and all were ONcenter responses. None of the cells filled with LY had the appearance of melanopsin containing ganglion cells and all cells tested expressed ChR2-YFP (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We therefore conclude that the light responses are based on the expression of ChR2-YFP and represent intrinsic light responses of the ganglion cells.
The ChR2-YFP-mediated light responses differed between different cells, some showed more sustained responses (Fig. 6 A, C) , and others more transient responses (Fig. 6 B, D) . This suggests that intrinsic properties of the ganglion cell membranes can shape their sustained/transient characteristics in the ChR2rd1/ rd1 mouse retina (Bi et al., 2006) . However, in the intact retina both the intrinsic properties of the ganglion cell membranes as well as synaptic inputs specify the sustained or transient light responses of a given ganglion cell type. In the ChR2rd1/rd1 mice the synaptic input remains static and a ganglion cell can acquire different physiological characteristics. The transformation of the OFF-transient cell of Figure 5 into an ON-sustained cell is an example for such a change, which will be discussed later in more detail.
Light responses of ChR2-YFP-expressing ganglion cells responded well to flickering light stimuli (Fig. 7A-D 
Light sensitivity of ChR2-YFP-expressing ganglion cells Absolute threshold of ganglion cells in wild-type mice
We first measured the sensitivity of ON-sustained, Alpha-like ganglion cells in the central retina of wild-type mice. Figure 8 A shows the average response of ON-sustained ganglion cell in the completely dark-adapted retina to light stimuli of increasing intensity. The light response from threshold to saturation comprised ϳ2 log U of intensity (Pang et al., 2003; Völgyi et al., 2004; Murphy and Rieke, 2006: Margolis and Detwiler, 2007) . The maximum light response at saturation (average spike rate for the first second after the onset of the stimulus) was ϳ120 spikes per second. Figure 8 B (left curve) shows the average intensity response function measured from these ON-sustained ganglion cells in the completely dark-adapted retina. The curve has the typical shape of a Michaelis-Menten function (Völgyi et al., 2004) . The absolute threshold of the light response is I ϭ 9 ⅐ 10 6 photons/cm 2 /s, which is in perfect agreement with the results of Pang et al. (2003) and Völgyi et al. (2004) . These latter authors have also shown this to be the lowest threshold of all ganglion cell types in the mouse retina. As tested behaviorally, the absolute visual threshold of wild-type mice is 3.2 ⅐ 10 Ϫ6 cd/m 2 (Herreros de Tejada et al., 1997) . Assuming that this corresponds to the absolute threshold of 9 ⅐ 10 6 photons/cm 2 /s on the retinal surface, 1 cd/m 2 corresponds to a retinal illumination of 2.8 ⅐ 10 12 photons/cm 2 /s in the completely dark-adapted retina. The mouse pupil area at photopic illumination is only about 10% of the area a scotopic illumination (Lucas et al., 2001 ). Therefore, under photopic conditions 1 cd/m 2 corresponds to 2.8 ⅐ 10 11 photons/cm 2 /s. This result will be used later to convert the brightness of stimuli in behavioral studies (measured in cd/m 2 ) into retinal illumination (photons/cm 2 /s).
Photopic responses of ganglion cells in wild-type mice
We also measured, with the same set up, the cone driven input of ON-sustained cells in wild-type retinas by increasing the background and stimulus intensities, while keeping the contrast of 0.96 constant (Fig. 8 A, middle column) . The intensity range chosen corresponds to the behavioral studies reported later. However, it has to be emphasized that these measurements are only a first approximation of the cone responses, because the retinal whole mounts from which the light responses were measured were dissected from the pigment epithelium. Therefore, bleaching of cone pigment imposes a serious problem at higher light intensities, and it is possible that the maximum spike rate for saturating light intensities is underestimated. The threshold of this cone driven response was I max ϭ 2.5 ⅐ 10 12 photons/ cm 2 /s (Fig. 8 B, middle curve).
Light responses of ganglion cells in ChR2 rd1/rd1 mice
At a photopic background intensity the light responses of ganglion cells from the central retina of ChR2rd1/rd1 mice were measured (Fig. 8 A, right column) . The cells were spontaneously active (Dräger and Hubel, 1978; Margolis et al., 2008; Stasheff, 2008) . The threshold of the light response was I max ϭ 1.2 ⅐ 10 14 photons/ cm 2 /s and the response did not saturate up to a stimulus intensity of ϳ1 ⅐ 10 15 photons/cm 2 /s. For technical reasons we were not able to test higher light intensities, and the intensity response function is therefore truncated (Fig. 8 B, right curve) . The results show that light responses of ganglion cells of the ChR2rd1/rd1 mouse retina are ϳ2 log U less sensitive than cone driven light responses of wild-type mice measured at photopic background intensities.
Light-induced cortical function and behavior under normal daylight conditions
We tested whether under normal daylight conditions (ϳ100 cd/m 2 ), expression of ChR2 in ganglion cells can restore visual functions in rd1/rd1 mice. The light stimuli applied were between 1 and 100 cd/m 2 which corresponds, as shown above, to a retinal illumination of 2.8 ⅐ 10 11 and 2.8 ⅐ 10 13 photons/cm 2 /s. This would be in the sensitivity range of photopic, cone driven responses (Fig. 8 B, middle curve) but below the activation of ChR2-mediated light responses (Fig.  8 B, right curve) .
The visual functions of ChR2rd1/rd1 and rd1/rd1 mice were tested by two approaches. We combined both behavioral measurements of visual capabilities and optical imaging of intrinsic signals in the visual cortex (Kalatsky and Stryker, 2003) in individual animals of both strains (Lehmann and Löwel, 2008) . The experiments were performed on mice 100 to 250 d old and were experimenter blind studies. In approximately half of the mice tested, the residual cone density in the retina was measured after the experiments. Three types of behavioral tests were performed: measurements of the optomotor response, the visual acuity and the light/dark discrimination (Prusky et al., 2000; .
A pupil-light reflex was observed in all animals tested. Optomotor responses could not be elicited in rd1/rd1 or ChR2rd1/rd1 mice (Schmucker et al., 2005) . The visual acuity of the mice was tested in the VWT . The animals had to learn the discrimination of a grating stimulus from a uniform gray area of the same brightness. The criterion of 70% correct responses was not reached even for very coarse gratings and long training periods. The only behavioral test which was learned by mice of both strains was the discrimination of bright and dark stimuli. The training time it took for the animals to reach the criterion of 70% correct responses was taken as the visual performance. Figure 9A shows the learning curve of a ChR2rd1/rd1 mouse, 223 d old. After 4 d of training this mouse reached the criterion (70%) for the first time and thereafter could reliably discriminate the bright and dark fields. Learning curves of 8 additional mice in the VWT are compared in supplemental Figure 3 (available at www.jneurosci.org as supplemental material). It can be seen that both rd1/rd1 and ChR2rd1/rd1 mice showed strong variability in reaching the 70% criterion, but that animals of both genotypes completed the test successfully. Five of nine rd1/rd1 animals (56%) and six of 10 ChR2rd1/rd1 (60%) reached the criterion within 3-47 d of training. On average, ChR2rd1/rd1 mice learned faster and needed 18 Ϯ 5 d to reach the criterion while rd1/rd1 mice needed 26 Ϯ 4 d (Fig.  10 A) . This difference was, however, not statistically significant ( p ϭ 0.27).
After these behavioral studies, visual cortical activity was analyzed and quantified using intrinsic signal optical imaging (Fig. 9B ). The stimulation screen (height 58°width 79°) was placed in front of the animals or in the right visual field. A light bar was periodically moving up and down (elevation map) or left to right (azimuth map) and the evoked intrinsic signals were measured (for further details see Materials and Methods). The phase component of the signal was used for the calculation of retinotopy, the amplitude represents the intensity of neuronal activation (expressed as fractional change in reflectance ϫ10 4 ). The position of the stimulation screen with respect to the mouse eyes is shown on top of Figure 9B . The upper color coded maps show the response magnitude and its position in the visual field (polar maps). The lower color coded maps show the retinotopy of visual cortical activation. The lower black and white images represent gray-scale coded response magnitude maps, illustrating the intensity of neuronal activation according to the gray scale on the right side of the figure. The maximal map amplitude was 1.02 ϫ 10 Ϫ4 . Visual stimulation induced activity maps in the visual cortex of both ChR2rd1/rd1 and rd1/rd1 mice. In 80% of the ChR2rd1/ rd1 and in 90% of the rd1/rd1 mice activity maps could be elicited. To compare the intensity of cortical activation in the two genotypes, we determined the maximal amplitudes of elevation maps after 10 min of visual stimulation (Fig. 11 B) . The average map amplitude was 0.82 Ϯ 0.09 ϫ 10 Ϫ4 in ChR2rd1/ rd1 mice (n ϭ 8) and 0.64 Ϯ 0.07 ϫ 10 Ϫ4 in rd1/rd1 animals (n ϭ 8). Visual cortical activation was thus higher in ChR2rd1/ rd1 compared with rd1/rd1 animals, but this difference was not significant ( p ϭ 0.13).
As cone degeneration proceeds from the central to the peripheral retina in rd1/rd1 mice (Lin et al., 2009) , we wondered whether cortical activity induced by stimuli in the visual field center was smaller compared with more peripheral visual stimuli. To this end (Fig. 10) , we quantified cortical response amplitude along the azimuthal axis from 0°, precisely in front of the animal (stimulating the peripheral retina), to 79°, lateral visual field (stimulating the central retina around the optic disc). Azimuth maps of sufficient quality for quantification were obtained from three rd1/rd1 and two ChR2rd1/rd1 mice. Visual cortical activity declined significantly from 0°to 79°azimuth (Fig. 10 ) in four of these animals (two rd1rd1 and two ChR2rd1/rd1) and on average (R 2 ϭ 0.538, p Ͻ 0.001). For statistical analysis we used the magnitude of cortical responses to visual stimulation in each screen quarter, corresponding to 20°azimuth. Compared with age-matched C57BL/6 mice (n ϭ 8), the right quarter of the screen (corresponding to visual field periphery 60°to 79°azi-muth) was significantly less represented in rd1/rd1 and ChR2rd1/rd1 mice ( p Ͻ 0.001, Bonferroni-corrected t test). There was no significant difference between rd1/rd1 and ChR2rd1/rd1 mice. These results indicate that visual function in both rd1/rd1 and ChR2rd1/rd1 mice was related to cone survival in the degenerating retina.
Following these imaging studies the animals were killed and whole mounts of the retina were triple immunostained for S-opsin, M-opsin and ChR2-YFP. As described previously, hardly any cones were found in the center of the retina, rudimentary M-cones were observed in the dorsal retina and rudimentary S-cone in the ventral retina, their densities being closely comparable. Since S-opsin fluorescence was more intense, and because S-opsin-expressing cones are 3 times more sensitive than M-opsin-expressing cones (Lyubarsky et al., 1999) , the peak density of S-opsin-expressing cones was measured. Figure 9C shows the S-cones in the lower peripheral retina of the same mouse from which the results in Figure  9 , A and B, were obtained. Their peak density in far peripheral retina (2 mm from the blind spot) was 2143 cones/ mm 2 . Ganglion cells of this retina expressed ChR2-YFP fluorescence (data not shown).
The summary Figure 11 shows the pooled results from a total of 19 mice (9 rd1/rd1 and 10 ChR2rd1/rd1) that were studied both in the VWT and by optical recordings of intrinsic light-evoked activity. Both in the VWT (Fig. 11 A) and in the optical imaging (Fig. 11 B) ChR2rd1/rd1 mice showed a better average performance than rd1/rd1 mice. However, the differences were not significant.
The ages of the analyzed mice are illustrated in Figure 11C . On average the rd1/ rd1 mice were 50 d older than the ChR2 rd1/rd1 mice. This difference is significant at a level of p ϭ 0.059. Since it is known that fewer cones survive in older animals, we asked whether the behavioral results and the optical imaging amplitudes reflect the age of the animals. Figure 11 D shows that the maximal amplitude of the cortical activity maps decreased with increasing age of the animals, as did cone density (Fig. 11 E) . Similarly, with increasing age the time to reach the 70% criterion increased from approximately 10 d at postnatal day (PND) 100 -40 d at PND 250 (Fig. 11 F) . The visual performance is also correlated with the residual S-cone density (Fig. 11G) : the lower the cone density the longer it takes the mice to reach the 70% criterion. In Figure 11 , D-G, results from rd1/rd1 and ChR2rd1/rd1 mice are mixed and show a comparable variation with age. This together with the results of Figure 11 , A and B, suggests that the expression of ChR2-YFP in ganglion cells does not significantly improve the visual performance of the mice. The 2 /s), the spot size is 300 m. The threshold is 9 ⅐ 10 6 photons/cm 2 /s. Middle column, Average light response of 7 ON-sustained ganglion cells of the light-adapted wild-type mouse retina. The threshold is I max ϭ 2.5 ⅐ 10 12 photons/cm 2 /s (background illumination I min ϭ 5 ⅐ 10 10 photons/cm 2 /s; spot size: 120 m). Right column, Average light response of 7 ganglion cells of the light-adapted central retina of ChR2rd1/rd1 mice. The cells showed a maintained discharge and the threshold to elicit a response above this maintained discharge was I max ϭ 1.2 ⅐ 10 14 photons/cm 2 /s (background illumination I min ϭ 2 ⅐ 10 12 photons/cm 2 /s; spot size 120 m). B, Intensity response functions calculated from the light responses in A (average discharge rate for the first second after the onset of the stimulus).
residual vision apparently rather depends on the number of surviving cones.
Light-induced behavior at high stimulus intensities
The behavioral VWT responses and the cortical maps were also tested at stimulus intensities of Ͼ10,000 cd/m 2 , which corresponds to Ͼ2.8 ⅐ 10 15 photons/cm 2 /s at the level of the retinal ganglion cells. As can be seen from Figure 8 , this is in the response range of ChR2-YFP-expressing ganglion cells.
Three sets of experiments were performed on 5 rd1/rd1 and 6 ChR2rd1/rd1 mice. The genotypes were age matched and between 160 and 240 d old, when photoreceptors have nearly completely degenerated. Training of the visual water task started with static square wave gratings (for details see methods), which had to be discriminated from equiluminant gray. The animals were tested for 17 d, however, none reached the 70% criterion for this test (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). Next the animals were trained for 18 d to distinguish a uniform bright field from a dark field. The criterion for this test was reached by 5/5 rd1/rd1 mice and by 4/6 ChR2rd1/ rd1 mice (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material). Since the age-range of the animals was small, no age dependence of the time to reach the criterion was observed (supplemental Fig. 4 D, available at www.jneurosci.org as supplemental material). In the third test the animals had to distinguish a moving grating from a uniform background of the same average intensity (supplemental Fig. 4C , available at www. jneurosci.org as supplemental material). None of the animals reached the criterion for this test. Wild-type animals learned all three tests within a few days of training (data not shown).
In conclusion, none of the rd1/rd1 or ChR2rd1/rd1 animals could reliably distinguish gratings from uniform gray, independent of whether stimuli were moving or static and no matter how bright the stimuli were. In contrast, mice of both genotypes were able to discriminate bright and dark, which, according to the preceding paragraph (Fig. 11) is most likely a function of the few surviving cones.
Mapping cortical function at high stimulus intensities
Visual stimulation with high light intensities (Ͼ10,000 cd/m2) induced activity maps in the visual cortices of 3 of 4 ChR2rd1/rd1 and 2 of 3 rd1/rd1 mice. The average map amplitudes were 0.56 in ChR2rd1/rd1 mice and 0.93 in rd1/rd1 mice. The differences in the cortical activation between ChR2rd1/rd1 and rd1/rd1 mice were not significant. Moreover, stimulation with high light intensities did not induce more prominent cortical activation than stimulation with moderate intensities (Fig. 10) . Although both behavioral VWT responses and cortical activation maps were measured at high stimulus intensities, in a range where ChR2-YFP-expressing ganglion cells were activated (Fig. 8) , this ChR2-expression did neither significantly improve visual cortical activity maps of the mice nor their visual capabilities indicating that residual vision was mediated by the surviving cones.
Discussion
It was the aim of the present paper to test the ability of ChR2 to restore visual function in rd1/rd1 mice and ultimately in humans with progressive degeneration of rods and cones leading to blindness. Several preceding studies have expressed ChR2 in retinal ganglion cells of rd1/rd1 mice by viral transfection and demonstrated that visual functions can be restored, however, extremely high light intensities were necessary (Bi et al., 2006; Tomita et al., 2007 Tomita et al., , 2010 Lagali et al., 2008; Zhang et al., 2009) . By generating a transgenic mouse line which expresses ChR2 in 30 -40% of the ganglion cells and by crossbreeding this line with the photoreceptor degeneration mouse line rd1/rd1 we created a more homogeneous and standardized "blind" retina compared with the viral transfection experiments. We addressed the question whether ChR2 can rescue vision in this mouse line with normal daylight photons/cm 2 /s). All mice tested showed a pupillary-light reflex, independent of age and number of surviving cones. It has been shown that melanopsin containing ganglion cells mediate this reflex even if no photoreceptors are left (Foster and Hankins, 2002) . None of the mice tested was able to discriminate gratings from uniform fields (van Alphen et al., 2009 ). The only visual task successfully passed by both rd1/rd1 and ChR2rd1/rd1 mice was the discrimination of a bright field from a dark field. However, ChR2-YFP-expressing mice were not significantly better than rd1/rd1 mice and the performance appeared to be related rather to the residual cone density than to the genotype (Fig. 10) . Our results thus indicate that ChR2rd1/rd1 mice are more or less blind.
Possible reasons for the failure to restore vision by the expression of ChR2 in ganglion cells
The physiological recordings from ganglion cells of the isolated retina of ChR2rd1/rd1 mice (Fig. 8) showed that their activation threshold is 1.2 ⅐ 10 14 photons/cm 2 /s. The high light intensities of Ͼ2.8 ⅐ 10 15 photons/cm 2 /s applied in the behavioral studies must activate the Chr2-YFP-expressing ganglion cells, however, the visual cortex apparently had no access to this information.
One reason for this "cortical blindness" might be that ChR2-YFP, whose expression is driven by the Thy-1 promoter, is not present in a sufficient number of ganglion cells. It is also possible that the well known variegation of the Thy-1 promoter drives expression only in specific types of ganglion cells. Thus, expression of ChR2-YFP could be restricted to those ganglion cells of the mouse retina which project to the superior colliculus and not to the lateral geniculate nucleus and the visual cortex.
Another reason for this apparent cortical blindness might be the distorted physiological signature of the ganglion cells due to the expression of ChR2-YFP. In the normal retina the major subdivision of ganglion cells is into ON-and OFF-cells. In the present study, and also in the preceding studies using viral transfection and unspecific promoters (CMV promoter: Bi et al., 2006; Tomita et al., 2007 Tomita et al., , 2010 Lin et al., 2008) all ganglion cells were depolarized by light, regardless of whether they were originally ON-or OFFganglion cells. Thus, all OFF-ganglion cells were transformed into ON-ganglion cells. In the visual cortex simple-and complex-cell receptive fields are made up of spatially segregated, excitatory and inhibitory inputs from thalamic ON-and OFF-afferents (Liu et al., 2010) . Transformation of all OFF-cells into ON-cells may thus abolish the receptive field structure in the visual cortex.
Expression of ChR2-YFP in the ganglion cells not only changes their ON-/ OFF-signature; other physiological features of different ganglion cell classes are also distorted. Figure 5 shows a typical OFFtransient ganglion cell, which has transient light responses in the wild-type retina (Margolis and Detwiler, 2007; Münch et al., 2009; van Wyk et al., 2009) . However, in the ChR2rd1/rd1 mouse retina the light responses of this cell type are sustained (Fig. 4 D) . Thus the sustained/transient segregation of ganglion cells can also be distorted in the ChR2rd1/rd1 mouse retina. Similarly it can be expected that direction selective (DS) ganglion cells have lost their specificity in ChR2rd1/rd1 transgenic mice. Thus, the parallel processing of visual signals and the visual channels formed by the different ganglion cell classes (Roska and Werblin, 2001; Wässle, 2004) are disturbed in these mice. Thus, although the visual cortex in these mice received light signals, it obviously could not "read" the distorted code. Lagali et al. (2008) expressed ChR2 under the control of the metabotropic glutamate receptor 6 (mGluR6). Expression was restricted to ON-bipolar cells. They became light-sensitive and in turn activated ON-ganglion cells. Thus the correct physiological responses were transferred to the brain. Recently it was shown that another microbial rhodopsin, halorhodopsin (HaloR), a light driven chloride pump, can be expressed in retinal ganglion cells which are consequently hyperpolarized by light and are OFF-cells (Zhang et al., 2009 ). This raises the question of what would be the optimal strategy to restore vision by the expression of ChR2 and HaloR. Bipolar cells occur at a high density across the retina and are the most numerous cell type of the primate retina next to rods. Their varicose, compact axon terminals cover the retina without leaving gaps ). Thus they would provide a better photon catch than the rather loose dendritic trees of ganglion cells. By making bipolar cells light sensi- Figure 10 . Dependence of cortical activity on azimuthal position of the visual stimulus. Response strength of visual cortex to vertical moving stimuli covering 0°to 79°of visual field in azimuth (inset), displayed in steps of 2°(dot plots, left axis) or 20°( column plots, right axis) azimuth, and expressed as percentage of total map volume. Data of eight C57BL/6 mice (top), agematched to three rd1/rd1 (yellowish colors) and two ChR2rd1/rd1 (blue colors) are illustrated. In both panels, the yellow dotted line shows the quantification of the representative polar map illustrated on the left. Note that cortical activity declined from visual field position 0°(stimulating the peripheral/temporal retina) toward 79°(stimulating the central retina near the optic disk) in rd1/rd1 mice so that the representation of the central retinal field in rd1/rd1 mice is highly significantly weaker than in C57BL/6 mice ( p Ͻ 0.001, Bonferroni-corrected t test). Scale bar, 1 mm.
Strategies to restore vision by the expression of ChR2
tive, the inner retinal circuitry, which creates specificity, such as direction selective light responses, would stay in operation. Virus vectors have to be constructed which efficiently transfect bipolar cells and promoters have to be found which drive the expression of ChR2 in ONbipolar cells and HaloR in OFF-bipolar cells. However, this approach will only work if the light sensitivities of both ChR2 and HaloR are increased and their temporal resolution is compatible with vision.
If these results are applied to the human eye, one has to take into account both the lower optical power and the larger pupil size of the human eye compared with the mouse eye. For these optical reasons a light stimulus would require a brightness of 10 4 cd/m 2 to optimally stimulate ChR2-expressing ganglion cells of the human retina. Such intensities are encountered in the natural environment on snow in sunlight.
By modern techniques of image intensification it would be possible to amplify moderate light stimuli so they would be able to stimulate ChR2-expressing ganglion cells. However, it is known that prolonged exposure to strong light causes damage to the retina and results in apoptotic cell death (Remé et al., 1998) . Therefore, to avoid retinal damage, the better strategy seems to be to increase the light sensitivity of ChR2 (Greenberg et al., 2010) and use an image transformation (McGovern et al., 2010) so that only brief light-stimuli are applied. Berndt et al. (2009) have recently applied directed molecular engineering of ChR2 to modify protein residues that are critical for determining the channel kinetics. They changed the Cys 128 residue of ChR2 into C 128A, or C 128S. Following expression of wild-type ChR2 in Xenopus oocytes the threshold of photo currents elicited by blue light was ϳ1 ⅐ 10 14 photons/cm 2 /s, which is identical to the threshold of 1.2 ⅐ 10 14 photons measured here for ganglion cells (Fig. 8) . In contrast, cells that expressed C128A and C128S were ϳ300-fold more sensitive than those expressing wild-type ChR2. Such an increase in light sensitivity would be sufficient to make ChR2 responsive under daylight conditions. Unfortunately the modified ChR2s had a very long open state of the light activated channel (C128A, tau decay ϭ 52 s; C128S, tau decay ϭ 106 s). This means that the channels stay open for up to 100 s after switching off the light stimulus so that these ChR2s are not suitable for the restoration of vision. However, the channels can be closed by a second pulse with red shifted light (Berndt et al., 2009) . By the application of intelligent image processing devices it might therefore be possible in the future to shine blue light onto the retina as an imaging stimulus and periodically apply red light as a blanking stimulus to increase the temporal resolution of such modified ChR2s.
Another strategy to improve the sensitivity of light activated channels would be the coupling of the retinal-based light sensor with a biochemical amplification cascade. Lin et al. (2008) have used melanopsin, which normally is expressed in intrinsically photosensitive ganglion cells (Berson, 2003) to restore visual function in retinal degeneration mice by ectopic expression in a large number of ganglion cells. The newly melanopsin-expressing ganglion cells restored some visual functions such as discrimination of a light stimulus from a dark stimulus. The sensitivity of the newly melanopsin-expressing ganglion cells was comparable to the intrinsically photosensitive ganglion cells, which have a threshold of ϳ5 ⅐ 10 11 photons/cm 2 /s in the rat retina . This is sufficient to generate light responses under Figure 11 . Summary diagrams comparing the visual performance of rd1/rd1 and ChR2rd1/rd1 mice. A, Discrimination of light and dark fields in the VWT. A total of 9 rd1/rd1 mice and 10 ChR2rd1/rd1 mice were tested. Of them, 5 rd1/rd1 mice and 6 ChR2rd1/rd1 mice reached the 70% criterion. The average time to reach the criterion and the SD are shown in the bar diagram. B, Strongest map of the cortical response after visual stimulation, expressed as fractional change in reflectance ϫ10 4 . Average of 8 rd1/rd1 and 8 ChR2rd1/rd1 mice. C, Average age of the mice (9 rd1/rd1 mice, 10 ChR2rd1/rd1 mice) at the optical imaging experiment. D, Scatter diagram comparing the age of the mice and the maximum map amplitude. The line shows a linear regression fitted to the data. E, Scatter diagram comparing the maximum S-cone density in the peripheral ventral retina and the age of the animals. There is considerable variation of the cone density for the different age groups. The linear regression line indicates that the residual cone density decreases with animal age. F, Scatter diagram comparing visual performance, i.e., the training days needed to reach the 70% criterion in the VWT and the age of the animals. The line shows a linear regression. G, Scatter diagram comparing the residual S-cone density and the days to reach the 70% criterion in the VWT. normal daylight conditions (Lin et al., 2008) . However, responses mediated by melanopsin are sluggish: the response at light on is delayed and the response can last for many seconds after the visual stimulus is turned off.
